deposited by the three-stage process and simultaneous co-deposition of all the elements. In both cases, solar cells with efficiencies of %%-I 7% are obtained.
INTRODUCTION
CulnGaSq (CIGS) polycrystaltine thin film photovoltaic cells are a realistic option for reaching the goal of low-cost, high efficiency power conversion from renewable energy sources. Several research groups have reported a steady increase in the efficiency of laboratory devices [I -31. Similar progress has been reported in the manufacturing arena, where the efkiency of champion modules has exceeded 13% and the yield is above 80% [4] . However, there is a large gap between the efficiency of laboratory cells and commercial modules. This can be narrowed by a concerted effort at the fundamental science of thin film materials and interfaces. Historically, the community has concentrated its efforts on the fabrication and physical properties of the materials themselves and much less on the electronic processes that occur at the interfaces. More-attention to this area can lead to a simplification of device structure, and improve the stability and yield of the products.
At NREL, we have systematically improved the efficiency of the ClGS solar cells fabricated by the three-stage process. Although the deposition method is somewhat difficult to implement in manufacturing, it offers advantages in control of morphology, defects, Orientation, bandgap grading, and stoichiometry control. The most efficient ClGS thin film solar cells have been fabricated by the three-stage process. It is now possible to compare the properties of the three-stage devices with those fabricated by other methods and identify areas for improvement.
In this report, we summarize the properties of high efficiency cells fabricated by varying the Ga content of the absorber, Improvement in our understanding of the growth process has resulted in our ability to fabricate solar cells with efficiencies of 18%-79% in the bandgap range of 1.1-7.2 eV. Next, we provide a comparison of the properties of solar cells fabricated using a bilayer ZnO and a single, conductive ZnO layer. Finally, we present the properties of solar cells fabricated on thin absorbers.
EXPERIMENTAL
ClGS absorbers were grown on soda-lime grass substrates with a sputter-deposited MO layer. The absorber is grown by first depositing an (1nGa)zSes layer and reacting it with Cu and Se. Compositional control was achieved by detecting the temperature change of the substrate during Cu-poor to Cu-rich transition at the end of the second stage. The third stage consists of the evaporation of In and Ga in the presence of Se. Thinner ClGS absorbers were deposited by reducing the (In,Ga)Bq film thickness and making appropriate modifications to the process. Thin absorbers were also prepared by simultaneous deposition of all the elements in one step. CdS deposition was performed using a solution consisting of 0.0015M CdS04, 1.5M NHaOH, and 0.0075M thiourea. The samples were immersed in the bath at mom temperature and the temperature of the bath was increased to 60'C. CdS thin films in the thickness range of 50-60 nm were deposited in 76 min. The ZnO layer was deposited in two stages. A 90-nm-thick, undoped layer was first deposited from a pure ZnO target using Ad02 working gas, and a second layer of about 120 nm was deposited from an A1203 doped ZnO target. The sheet resistance of the bilayer was about 65-70 nlsq. NilAl grids were deposited by electron beam evaporation. A 100-nm thick MgF2 film was deposited to serve as an antireflection coating. Current-voltage characteristics of the devices were measured under AM1.5 Global spectrum for 1000 W/m2 imdiance.
RESULTS AND DISCUSSION

High Efficiency Solar Cells
ClGS absorbers with a range of energy gaps were fabricated by adjusting the Ga content of the (In,Ga)~Se3 precursor layer. Compositional depth profiles show that the bandgap is graded through the depth of the film. The energy gap was evaluated from spectral response measurements, and the Ga/(ln+Ga) ratio was derived from the electron microprobe data obtained using lGkV beam energy. This is indicative of the average composition in a sample volume of approximately I pm. The energy gap ranged from 1.1 to 1.21 eV, and the corresponding Ga/(ln+Ga) ratios ranged from 0.26 to 0.31, Table 1 0-7803-8707-4/05/$20.00 02005 IEEE, shows a summary of the properties of solar cells characterized under standard reporting conditions. Table  2 lists the ideality factor and the reverse saturation current density of the solar cells.
. Figure  1 shows the distribution of Vac, Jsc, and Fit1 factor. An inspection of the data in Fig. 1 reveals that the parameters of the solar e l l s made without the undoped ZnO layer are identical to those made with the bilayer. It must be pointed out that each sample in this experiment has a spatial variation in the Ga content along its length, and a similar run-to-run variation exists among the five samples. The experiment was repeated on another sample where the CdS layer was deliberately made much thinner than our standard process and similar results were Table 3 . No AR coating was deposited on the above samples. 16.5 (1 6.9)
S2213-A?-3
The price and availability of fndium will become dominant concerns for the CIS PV industry when largerscale production gets under way. One approach to mitigate this would be to reduce the thickness of the absorber layer to a half or quarter of the thickness presently used (2-2.5 pm), Indeed, several research groups have explored this issue in some detail [5, 6] . We have also begun a study of this problem since it has been chosen as a priority research topic for our program. We have made minor modifications to the threestage process to prepare thinner absorber layers. Table f , we find that the current loss due to thinning the cell is about 2-3 mA.cm". The extemal quantum efficiency of a solar cell is shown in Fig. 3 . The spectral response curve shows a decrease of the long 400 600 800 1000 1200 Wavelength (nm) Fig. 3 . Quantum efficiency of a thin ClGS solar cdl. Also shown is the quantum emciency of a standard Cell. wavelength collection. This is most likely due to incomplete absorption of the long wavelength photons.
We have obtained a similar result with absorbers fabricated by co-deposition. The composition of the absorber, determined by electron probe microanatysis was similar to the threestage absorber, In this case, we obtained an efficiency of nearly 17%. The psameters of the best cells obtained by the two methods are shown in Table 4 , below, Further optimization of the growth processes could lead to a higher efficiency. We are also undertaking a study of the recombination processes. 
CONCLUSIONS
We have reported the properties of CIGS cells with bandgaps in the range of 1.1-1.2 eV and demonstrated the ability to achieve high efficiency. High open-circuit voltages are obtained in conjunction with high fill factors. A study of the properties of the solar cells with and without the undoped ZnO layer strongly suggests that highly efficient cells can be fabricated without using the undoped ZnO layer even when the CdS layer is made very thin.
This might allow simplification of the device processing. We have atso reported high efficiency cells (16%-17%) using ClGS absorbers in the thickness range around 1 !Jm.
